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PURPOSE 

The purpose of this program Is to study the feasibility 

of a high-power, broadband C-band electrostatically focused 

klystron suitable for use in phased array systems. 

Specifically, this program will investigate the feasi- 

bility of employing higher perveance beams in ESPK's.  A 

high3r beam perveance results in better gain times bandwidth 

and efficiency times bandwidth characteristics and in lower 

beam voltages for a given beam power level. 

Even though the ultimate application for the device Is 

in C-band, the experimental work of this program will be con- 

ducted in S-band to utilize existing designs and test equip- 

ment. However, consideration will be given to evaluate all 

the experimental results with regard to C-band tubes. 

The electrical design objectives are the following; 

Frequency S-band 

Peak rf power output (nom)    250 kw 

Cathode voltage 40 kV (max) 

Modulating anode voltage     Variable between 
30 and 56 kV 

Beam perveance Variable between 

1.0 x 10"6 to 

2.5 x 10'6AA3//2 

Gun perveance 1.5 x 10"
6AmpA3^2. 

The work prepared under this contract was made possible 

by the support of the Advanced Research Projects Agency under 

Order No. 436, under the technical guidance of the United 

States Army Electronics Command. 
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ABSTRACT 

The L-5114 experimental electrostatically focused 

klystron with variable beam perveance has been assembled 

and successfully exhausted without any major problems. 

Further work with the resistance network analogue has 

been done to check the lens system on the extreme high side 

(k-2.5 x 10" AA3'2) of the variable beam perveance. 

Hot test of the tube has been started and the initial 

results obtained look promising. 

Studies on a triple gap extended interaction cavity 

have been made. This cavity is scaled to C-band and the 

assumed perveance is 2,0 x 10 A/V^/2, 

Also some studies on beam power and perveance limits 

for electrostatically focused klystrons as functions of 

operating frequency have been made. 



1.0 

i. i   iifrRODücnoN 

The primary goal of this prograa 1« to Imsttfat« UM 

feasibility of employing higher perveance fmm In alaetro- 

statically focused klystrons (BSFK). Until no« only fm 
up to i.o x lo^vV^/a ^^ h0mn luoe#Mful. perveances of up to 1,0 x 10 

ly employed In ESPK'f. 

The klystron jnder development has the following design 
objectives: 

Frequency 

Peak rf power output 

Cathode voltage 

Gun perveance 

Beam perveance 

Modulating anode voltage 

Beam current 

RP pulse length 

Duty 

Gain 

3000 MHz (nominal) 

Variable between approx 

130 and 320 kW 

40 kV 

1.5 x 10"6AA3/2 

Variable between 1,0 x 10"6 

and 2,5 x lO^AA3^2 

Variable between 30 and 56 kV 

Variable between 8 and 20 amps 

10 M-sec 

.001 

36 db 

1.2 TUBE CONSTRUCTION AND PROCESSING 

A schematic view of the tube is shown in Fig. 1. The 

tube is made up from the following major subassemblies: 

A, Main body (Figure 2) 

B, Gun with gun ceramic (Figure 3) 
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C*      Collector with collector ceramic (Figure U) 
D. RP output window (Figure 5) 
E. Exhaust tubulation with ll/sec Vac-Ion pump. 

B* C, D and E are attached to the tube by means of weld 
flanffes» 

The main body, which la assembled In one final brass, 
consists of the following subassemblies (starting from the 
gun weld flange): 

a«     Modulating anode 
b. Uns housing 
c. HITS« drivar eavitias 
d«     Ouiput cavity« 

0 
■Mil of these subaaaatllas ia brasad in several «tepi by 
using braslng alloys 01 different brasiog taaparawurss« 

»ly conalsts of u» «odu- 
latlng anode with three support cera«les(  the high wltage 
feodthroMgh and MM »»id flangt for the gun -eraails, 

fht first XaMJamlM I» • »«baateohly by ttaelf.    It 
eonalat« of s lens syst«« with tht high r«lta<e  feedtfaroi^. 
The «eaa^red resoname fra^uaney of the '««plat« lens feevstng 
la Ttn m*.   fHU rrm^jmnj \» \fm MM for all follovii« 
imn» feMtlafi ma la far ovtaltfa of the operating band of if* 

Psllotrtng the first lens »«vsif* are 
»lies«    ta«ii of the« eonststa of a lane syttea «tt^ 

MM ni^i foiiag» feedtfiroMgr. tm a «apnelt:«« twner.    In ad- 
dition« the first «rlvnr ta*lty (lagvt cavity) la equipped 
«lUi tlM rf litput loop«   ta re duet tnatabtisttaa. tne first 
two driver savltlcs er«  partly Iron plated«    tH» «•a«*r»l  ^ 
It 1600 eospared «ltu the ^ of the all toppar peoaltlaat« 
cavity of jaoo. 
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The output cavity consists of an inductive tuner, the 

waveguide and the weld flange for the rf output window and 

the weld flange for the collector ceramic. Also a weld 

flange for the exhaust tubulatlon is located in this sub- 

assembly. The unloaded Qo of the output cavity is 4000, 

the loaded ^ Is U5. The circuit efficiency Is 

nc - 1 - ^ " 1 " & - ^ 

BtfoPt ths gm ••»••bly *»• ««Ided to the tube,  the 
cathode Meekly «me prefloned In a bell Jar.   The preglow- 
tnf of ft gun ftctuftlly u—6 In ft tube hes two Inportent neen- 

A. Detemlnfttlon of required fllft»ent power, 

B. Flnftl check of the gun for any »horts and open 
leftds under full operfttlnf conditions. 

rtftf« ^ «»^ «ftthodt teiverftty^re vc flls^nt power. 

4n«r the lube «ne eoepXeied end leek checked. It «ft* 
eshftueted ftccerdlng to the stendftrd Utton efthftust procedure, 

tine« MM i«he tft Intended 1© be opcrftted ftt been penre« 
ences of ^ m t.5 ■ lO^W^. It -•• deeded to check iht 
imm ftfftMn. «hlih «ae optUrtaed for ft per^eanee of t.5 « 
lO^A/^*. •» W*1^ »*«^»«* <*•«*»«• pon^ft««««^ ri«. 7 
the irmjaetarlea for per^eemei *#••••*«» 1.5 a 10     end 
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2,5 x 10" A/^   are shown. These trajectories were calcu- 
lated by Uding the Litton Resistance Network Analogue In con- 
Junction with a high speed digital computer.  As can be seen 
from that figure, at a perveance of 2.5 x 10 tyV 2* the 
electrons do not quite come back to their original diameter, 
which may Indicate that the system might not be too stable at 
this high perveance level. In the following table, the volt- 
age depressions on the axis under the focusing lens are given 
for different perveances: 

PERVE ANCE VOLT AOE 
k x lO^A/V3/2 DEPRESSION % 

1.5 53.3* 
2.1 55 • 
2.5 56 • 

* These values are true for any applied lens voltage 
In any of the three individual eases. 

l.% PRELDaMARY HOT TEST RESUUS 

Flfure 8 shows a schsaatic of the teat setup for pre- 
ll«lnary taatinf of the tuba. Ai one can see, each lens is 
tlad to a separat« dc power sur?ly. This allows greater 
flexibility in optlwlfInf the besm focusing during testing. 

Also» it can be seen that tha «odulating snoda is tlad 
to ground over a 100 nonlnductlva rwslator, which allows 
viewing of any tntareaptad currant. 

During tills report period, the tuba was tested only up 
to & KV (design voltage *0 KY). An 1-H tuner was used be- 
tween tube output eireuU and load circuit In order to 

11 
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match the output coupling at these low operating voltages 

The tuning range of the tube was measured to be approximately 

80 MHz between 3009 and 3089.5 MHz. Figure 9 shows the rf 

output power vs cathode voltage. The perveance was I.73 x 
10 A/V^ . 

RP output as a function of rf drive power is shown in 

Pig. 10. The beam voltage was 25 kV and everything including 

lens voltages, cavity tuners and E-H tuner were optimized for 

each drive level. For the second curve, the tuning was held 

fixed, and it showed the typical klystron drive characEristic. 

In the next picture. Fig. 11, the efficiency and beam 

transmission vs perveance can be seen. For these data, the 

tube was operated at 25 kV. The perveance was varied by 

changing the cathode filament power. These data clearly 

demonstrate that-by going higher in perveance, one will loose 

some efficiency. This is also observed in the conventional 

magnetically-focused klystrons. 

1,5  »M IA
NTB

P
^

GAP
 

E™D
 ^HACTION 

The eventual goal of this program is to study the feasi- 

billty of a high power, broadband, C-band ESFK. Therefore 

some theoretical work has been done on focusing a 2.5 MIT beam 

through a C-band triple sap extended interaction output cavity 

In this study we used the Litton Resistance Network Analogue 

in combination with a high speed digital computer. The follow- 
ing design objectives were assumed: 

Frequency 5500 MHz 

RP Output power      1 Mw 

Pbeam 2,5 Mw 

Efficiency '   4öjg 

Perveance 2 x 10"6A/V3/2 

13 
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Drift And« >l .7» 
Trwwlt Angle      Yd .7 

r:i^:,'",-d ^''"-r^^ ^ ^ * calculated: 

VbeÄin 69 w 

^eam 36.2 Amps 

^relativlstlc 2«z*2 cm"1 

d 
.91 cm 
.29 cm 

As can be seen, the length of this trlple-gap section is 

rather long for focusing a hlgh-perveance beam through. 

Since It is undesirable to use focusing lenses within a 

triple gap output cavity, it becomes necessary to taper 

the drift tube corresponding to the beam spread curve 

Also, a focusing lens was then placed between cavity and 
collector, as can be seen in Pig. 12. 

Several runs were made and are described In the fol- 
lowing section. 

Figure 13 shows the beam trajectories under dc con- 

ditions and compares the cases where the lens Is at 

body potential (ground) and on +10 kV above ground. It 

is obvious that the lens does not have much focusing ef- 

fect, ^e next figure. No. 14, shows the same cavity con- 

figuration, but the beam trajectories are under rf condi- 

tions. For these cases,a beam perveance twice as high as 

that under dc conditions was assumed. Here three different 

cases .re shown. First the lens Is on body (ground) poten- 

tial second the lens Is on +10 W, and third the lens Is 

at -20 kV with regard to body voltage. 

17 
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a - Lens at Body Potential  (Ground) 
b - Lena at 4-10 kV 

ELECTRON TRAJECTORIES UNDER DC CONDITION 
FOR TRIPLE GAP OUTPUT CAVITY 

Fig.   13 
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Una 

a - Lens at Body Potential (Ground) 

b - Lens at -t-10 kV 

c - Lens at -20 kV 

ELECTRON TRAJECTORIES UNDER RF CONDITIONS 
FOR TRIPLE GAP OUTPUT CAVITY 

Fig. Ik 
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t.6  wum roMDi im rvfUKt umrs rm uMcmxrtmcaLt 

A runtentnt«! rtqulrMMnt for periodic «Uctron tea» 

foeuali* tytt««« U UMt iJwrt «sUU a «Mtat« pamisalbl« 

axial apa-li^ batwtan lana«a,«Meh cannot b% aseaadad with- 

out raaultlng in baa« blow-up. An axeallant Inaifht into 

Ulla raqulraaant hna baan glwn by Plarca.  Ha conaldara a 

•aq^nea of thin alactron lanaaa, aaparatad by an axial 

apaclnf L, through which an alactron baaa flows, (Plarca*9 

Fig. U,6), In tha plana of tha lads ':ha alactron bean has 

a radius r0 and. In that plans, oach alactron receives a 

radial Impulse toward the axis of symmetry due to the action 

of the lens field. Between lenses, the only dc forces act- 

ing on the beam are those due to its own space-charge, which 

causes it to spread. 

Pierce's Fig. 9.2 shows the beam spread action as pre- 

dicted by the "universal beam spread" equation. This figure 

illustrates the fact that there exist., a maximum axial dis- 

tance beyond which the beam cannot travel without exceeding 

its original radius. If the radius is not to be allowed to 

grow larger, then another lens must be placed at this maximum 

distance. Pierce's Pig, 11.8 shows the initial negative slope 

required to cause an electron beam to return to its original 

radius as a function of distance between lenses. The maximum 

distance expressed in normalized units is 2,16, This may be 

stated as: 

('W "V^j L^2.16 ro 

1 J,R, Pierce, "Theory and Design of Electron Beams," 
D, VanNostrand, 195*,  PP. 19^-207, 

21 



Mtorvi    k   • fm »UropTwiic» 

rM • b«wi rttdlu« at l«n* o 

L • spAclnc b«tw««n Itns«« 

This express Ion is valid provided the lenses are thin 

end have no spherlctl aberrations. This Is not true In 

practice. In addition, when a density-modulated electron 

bean must be focused by such s lens system, the effective 

mi^roperveance may be up to twice the value for s Jc beam. 

The expression for the maximum lens spacing for an electro- 

statically focused klystron will be assumed to be: 

(-tfapLfc) L - 1.5 
o 

It is now instructive to express the maximum lens spac- 

ing in terms of klystron design parameters. The beam radius 

r at the lens plane can be expressed in terms of the nor- 
o 

malized klystron gap radius ya  and the electron wave number. 

(Relativistic effects are ignored). 

r0 - (f) CY») (1) 

where: a ■ gap radius 

T . *- - (f) (5^) 

V ■ dc beam voltage 
o 

\    m  free-space wavelength 
The dc beam voltage is related to the dc beam power, Wc 

and the beam microperveance k as follows: 

22 
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»♦ - ( 
10» V>/5 

Substituting for V ^: 
o 

Y - .1/5 2 J^1^ l2w) KQ6V f]ft)V5 
10 

Substituting for y: 

[; 10' 
(2r) (506) (IO)1^ 

x wo VS 

Substituting for ro in the maximum lens spacing expression: 

(0.174) far) (506) flO)1^ 

102 
k1^ vr 

W^/5 (Ta) ^ 

(*) - 1.5 

For a typical klystron design, the product of ^ and va 
would be very close to unity. Therefore, by assuming 

(j-)  (Ya) - 1.0, the maximum lens spacing relation bee Jcomes: 

w0 Vs 

23 



Figure 15 Is a plot of the maximum permissible axial 
lens spacing normalized by the free-space wavelength, vs 
peak beam power, with mlcroperveance as a parameter. It 
may be observed that the choice of electron beam mlcro- 
perveance has a pronounced effect on the maximum permissible 
lens spacing. 

Having determined the maximum lens spacing as a function 
of beam power, mlcroperveance, tuid wavelength. It Is now possi- 
ble to determine the ultimate limits of ESPK design. Figure 16 
depicts the cavity-lens configuration of an ESFK. The spacing 
between lenses must allow for a lens electrode of thickness T, 
two high voltage gaps of width S, two cavity walls of thickness 
w, and a cavity resonator of height H, The lens spacing may 
be expressed as: 

L=.2(S+w)+T + H 

The lens-gap spacing depends upon the operating voltage, 
which will be assumed equal to the beam voltage, and the allow- 
able voltage gradient. For a maximum voltage gradient of 
118 kV/cm(300 v./mil.): 

HH ^ k ^ 29 

A typical cavity gap transit angle, yd, would be 1,1 
radians. For reasonable values of R/Q,the cavity height 
should not be less than 2 yd.    Therefore, the assumption of 
H » 2 Yd is made, or: 

Wöw 1/5 „ = 2^ / 0kw 
H  50T¥ ^ 

24 
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This expression was solved for various values of peak 

beam power and microoerveance at wavelengths of 10 cm, 5 cm, 

and 3 cm. The values of normalized maximum lens spacing are 

plotted along with the values of minimum lens spacing In 

Pl88» 17 through 20.  Where the two curves Intersect determines 

the maximum beam power limit for an ESPK for a given mlcro- 

perveance and wavelength. Similarly, the maximum beam mlcro- 

perveance for an ESPK may be determined for a given peak beam 

power and wavelength. 

An expression for the maximum mlcroperveance and/or 

maximum peak beam power for an ESPK at a given wavelength 

may be obtained by equating the expressions for maximum and 

■Inlnun lena apaclngs, 

WOwJ/5   <    V, 2/5       Wo  l/5 
.171 j^p  Y i-ir)       *  .0*36 ("f»)   + 2N 

Examination of Pig. 17 Indicates the maximum beam mlcro- 

pervesioe for high power klystrons In S-band to be equal to, 

or greater than, 2,5. Plgure 18 Indicates that megawatt kly- 

•trona are feasible In C-band with mlcroperveance 1,0 beams. 

Znoreaalng the ■icroperveanca to 1,5 in C-band reduces the 
feaalble klystron power levr^aa seen In Pig, 19, At X-band, 

It la no longer poaalble to construct a high power ESPK with 

a desirable beta mlcroperveance, Plgure 20 Indicates a maxl- 

■Ui baa« power limit of 650 kW for a 0,7 mlcroperveance beam 
•t 3 em, 

Tf* limitation of baa« perveance with frequency Implies 

• limitation on the klystron bandwidth since It can be shown 

that bandwidth la directly proportional to k4/5. 

This analysis of beam power and perveance Holts for 

Ult tSPK la, of necessity, based on many assumptions whose 

26 



u 

o a, 
E 
(0 

I 
X 
a 

JP a. 

2 

s 
CO 

sä 
^e 
00 CO 

coo 

Sä 
tsi< 
HÜ 

O CO 

SE-t 

IS 
gW 

o 

ii 
£ 

•H 
Ik, 

X 

29 



HI i i i i i   I    r 
s 
s 

^fuifi aawOti uiBag  "XBW 

OJ 

< 
I 
o 

X 
E 

O    ü * 
TH   in 

II    II 

o t^        «r>    •=»•       on 

h 

E 

I 
CO 

OJ 

5 
o 
o 

2 s 
CO 

se 
co co 
COÜ 
S P 

ed 
N<: 
3^ 
5g ow 
z$ 
So 
ga 
H 

is 

P 

QO 

•H 

« • 

1 

30 



2 

U 
0) 

o 
OH 

E 

I 

Ü 

SSS 
CO 00 

p 

SO 

N < 
HÜ 
tJ H 
<EH 

o w 
Pa 

SE-" 
BO 

la 
M so: 
go 

£ 

P 

en 

•r-1 

X 
1 

31 



i i  i   i—r 
3= 

A 
^ 

^ 
^ 

X 

II 

E 
o 

no 

II 

///////sss'SSy 

^1, 

o 
o 

•^L 

u 
0) 
s o a, 
E 

I 

I a; 
EH 
CO 

50 
Ü 

sse 
COCO 

p 
00 Ü 
£ o 

ög 

Ig 
O CO 
^S K 
SEH 
PO 

sa 
SB W 
H 
SK 

O 
Qfe 

< K 

2 
xs 

^ 

o 

bO 
•H 

II   I    I     I      I        I 
m    ^r CVJ 

32 



validity is open to question. The assumption of (r /a)(Ya) = 

1,0 is very conservative; whereas, the assumption of T = S is 

not conservative. Practical considerations such as voltage 

breakdown, body cooling, and cavity conductance requirements 

will doubtless alter the limits defined herein. However, it 

is hoped that this analysis will provide a useful "ballpark" 

estimate of the ultimate limits of the ESPK. 
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2.0 SUMMARY AND CONCLUSIONS 

1. The experimental tube was assembled and successfully 

exhausted. 

2. The gun was preglowed In a bell jar. 

3. Hot test of the experimental tube has been started. 

Obtained results look promising, 

4. The focusing lens system was checked at a perveance 

of 2,5 x 10" AA3^2 by means of the Litton Network 

Analogue and the high speed digital computer. At 

this high perveance level, the system may not be too 

stable any more, 

5. Theoretical studies on a triple gap extended inter- 

action output cavity have been started. This cavity 

was scaled for operation at C-band. 

6. Studies on beam power and perveance limits for ESPK's 

have been made. 
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3.0 PROGRAM FOR NEXT QUARTER 

1. Test setup will be made to test tube up to the design 

voltage of 40 kV and to be able to change the modulat- 

ing anode voltage from 32 kV to 56 kV with respect to 
cathode, 

2. Further hot test with experimental tube will be made. 

3. The theoretical studies with the triple gap extended 

interaction output cavity will be continued. 
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4.0 ADMINISTRATIVE INPQR/Wi^TnM 

The number of scientific and engineering manhours 

expended during the reporting period are as follows: 

Dr. G. E. Pokorny  123  Hours 

Mr. W. R. Day  12  Hours 

Mr. T. H. LuchsInger  179.5 Hours 

Mr. C. K. Whit taker  160  Hours 

Mr. A. H. Zanotti  54  Hours 

Mr. E. K. Shaw  8  Hours 

Total    536.5 Hours 

On October 10, I966, Mr. Park Richmond, ECOM 

Project Engineer, visited this facility. The overall 

program plan for the subject contract and details of 

the technical approach for the future were discussed 

between hlra and Messrs. H. Luchslnger and 0. Pokorny 

of the Research Department, 
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